Quantitative measurements of fast ions from CO2 laser-

produced plasmas
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The asymptotic behavior of the fast-ion energy spectra has been studied by using a
Thomson parabola ion spectrometer to analyze ionic species produced by a 10.6-um
laser-produced polyethylene plasma. The use of cellulose nitrate film detectors has
yielded for the first time quantitative information about the charge state and energy
distribution of these high-energy ions as a function of laser energy and beam

polarization.

PACS numbers: 52.70.Nc, 52.50.Jm, 42.60.Kg, 42.55.Dk

The velocity spectra of ions emitted from plasmas pro-
duced by intense short-duration laser pulses typically exhibit
an anomalous fast-ion component.'? Although it represents
only a small fraction of the total ions produced, this compo-
nent can nevertheless contain a significant fraction of the
absorbed laser energy.’ Thus, knowledge of the origin of
these high-energy ions is not only imperative to the under-
standing of the interaction but also has strong implications
for effective absorption, energy transport, and hydrodynam-
ic stability of laser-fusion targets. Various mechanisms*™*
have been proposed to account for fast-ion generation in an
attempt to correlate them with the well-characterized two-
temperature electron distribution deduced from x-ray emis-
sion measurements.” Moreover, application of a two-tem-
perature isothermal rarefaction wave model® to the velocity
spectrum of the ions can render information on 8, and 6,,
the hot- and cold-electron temperatures respectively, and
ng /n,, the hot-to—cold-electron density ratio. Experimen-
tally, there is a general lack of quantitative data on ion-veloc-
ity spectra and their dependence on laser and focusing char-
acteristics. We have therefore studied the asymptotic
behavior of the fast ions, from plasmas created by intense
(10" W cm™) nanosecond CO, laser pulses utilizing an ap-
proach which permits quantitative information to be ob-
tained about the charge state and energy distribution of these
high-energy ions. In particular, we report the behavior of the
fast-ion distributions as a function of laser energy and beam
polarization.

A Thomson parabola ion spectrometer was used to ana-
lyze the ion species from a (CH,), plasma produced by the
output of one arm of the COCO II laser system.® The laser
system provided energies up to 40 J in a pulse of 1.5-ns
(FWHM) duration which was focused onto plane massive
targets by £ /2.3 20-cm-focal-length off-axis parabolic optics
an an angle of 22°. The focal spot, limited by mirror imper-
fections, had a measured half-energy diameter of ~110zm.
An on-line prepulse monitoring system detected no signifi-
cant prepulse (less than 200 1J). The ion spectrometer’® was
placed approximately 1.3 m from the plasma along the target
normal. Both the spectrometer and the target chamber were
evacuated to 10~ Torr to minimize the charge-exchange ef-
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fects.!! Cellulose nitrate film (Kodak LR115-type 2) was
used to record the tracks of individual fast ions, and a
semiautomatic Fourier transform technique'? was employed
to acquire quantitatively the energy distributions of all the
ion species present in the plasma.

Figure 1(a) shows the complete H*, C**, C**, C*, and C**
energy distributions in the range ~40-270 keV per charge.
In Fig. 1(a)the H*-to-X C" * ratiois seen to increase steadily
with increasing £ /z. This result is consistent with that ob-
tained with 1.06-um laser-produced plasmas'’ and empha-
sizes the point that a multifluid description of the expansion
is necessary for plasmas containing ionic species with differ-
ent 4 /z. In a (CH,), plasma preferential acceleration of the
protons by the much heavier carbon ions is to be expected. A
persistent substructure, a feature also apparent in 1.06-zm
experiments," is observed when the energy spectra are ob-
tained with sufficient resolution. This structure could be due
to the variation of the pressure gradient on a subnanosecond
time scale or the ionization and recombination effects being
important during the ion acceleration phase'* or the onset of
the ion-ion streaming instability'’ between the protons and
the carbon ions in the underdense plasma. The maxima ob-
served in the C*" and C*" distributions match to within 10
keV. However, those of the C* and C* distributions appear
at a higher E /z, suggesting that these ions may have been
largely formed by recombination within the bulk plasma
and/or charge exchange with the residual gases inside the
target chamber and the spectrometer. Also apparent in Fig.
1(b) is the very definite upper velocity cutoff at ~3.7 X 10
cm s™' for all the carbon-ion species.

The dependence of the fast-ion energy distributions on
incident laser energy is shown in Fig 2. An increase in laser
energy results in an increase in both the number of fast ions
and the energy of the fastest ions. The distributions are also
seen to developed more structure as the laser energy is in-
crease, suggesting, the onset of the streaming instability
mentioned earlier.

In Fig. 3, the fast-ion vglocity distributions are shown
for laser shots with s and p polarization. The isothermal rar-
efaction wave model of plasma expansion® predicts that for
large ion velocities the asymptotic velocity distribution can
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FIG. 1. (a) The energy distributions of ionic species from a polyethylene
plasma and (b) the corresponding velocity distributions of the carbon ions.

be used to obtain C,, the fast-ion acoustic speed, and, hence,
the hot-electron temperature. The values of C; deduced
from these distributions gives values of ;, between 9 and 15
keV for both p and s polarizations, which is reasonably con-
sistent with a value of 9 keV obtained from x-ray continuum
measurements. The main differences in going from s to p
polarizations are that the absolute number of fast ions at a
given energy is increased by almost a factor of 2 and the
maximum ion energy is increased by a factor ~1.54.

Computer simulations of the electron distributions re-
sulting from resonance absorption*®'” in the presence of a
steepened density profile suggest that §;; scales weakly with
IA %, where [ is the laser intensity and A is the laser wave-
length. Interferometric measurgments have shown that
strong density profile modification and even cratering'® oc-
curs with both s and p polarizations at the high laser intensi-
ties, greater than 10'* W cm™ used in these experiments.

626 Appl. Phys. Lett., Vol. 34, No. 10, 15 May 1979

FAST ION ENERGY DISTRIBUTION - {CH, }, PLASMA

12
1075 — T T T T T T T

— 34
— 16y
——— 9y

~ - POLARIZATION

S0t _

>

>

2

»

2

°

w

&

~

w gl ]

4

s

o| PROTONS CARBONS
10 1 1 ! I | | 1
o 200 400 €00 800 Tk

ION ENERGY (keV)

FIG. 2. The energy spectra of fast ions are plotted for three different laser
energies.

These effects, together with the use of wide-angle focusing
optics, result in the s-polarized beam having a component of
the E vector in the direction of the density gradient. Thus,
resonance absorption can be considered an important ab-
sorption mechanism for both p- and s-polarized beams. Ab-
sorption measurements have indicated that for the p-polar-
ized beam approximately 40 + 5% of the incident laser
energy is absorbed, whereas for the s-polarized beam the
fractional absorption is down to 25 + 5%." Thus, in ac-
counting for the differences in the distributions shown in
Fig. 3, the increased absorption, together with the slightly
higher incident laser energy for the p-polarized beam, pro-
duces a larger number density of hot electrons (and conse-

POLARIZATION DEPENDENCE OF FAST ION VELOCITY
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FIG. 3. Fast-ion velocity spectra for p- and s-beam polarizations. The

X C" " !'represents the sum distribution of all the carbon-ion species present
in the plasma. Note that the velocity scales for protons and the carbon ions
aredifferent. The hot electron temperatures are estimated from the slopes of
the dotted lines.
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quently fast ions) without increasing their temperature sig-
nificantly compared with those produced by the s-polarized
radiation.

According the isothermal rarefaction wave models of
plasma expansion, a continuously decaying ion velocity dis-
tribution should be observed. However, the distributions ob-
tained in these studies exhibit a rather sharp cutoff velocity.
Departure from the ideal isothermal expansion would be ex-
pected if the quasineutrality condition breaks down in the
underdense plasma (this will occur if the hot electron Debye
length exceeds the density scale length) or if the hot-electron
distribution, assumed to be a Maxwellian in the model, is
truncated at some maximum electron energy.” Assuming
resonance absorption is the important if not the dominant
absorption mechanism in both p- and s-polarization cases,
such a truncation of the hot electron energy distribution can
be due to wave breaking limiting the amplitude of the reso-
nantly excited electrostatic wave.
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The effect of 30-keV nitrogen-ion implantation on the unlubricated sliding wear of type-
38 NCD#4 steel has been investigated. The effect of implants is seen to reduce the
amount of wear for nitrogen doses above 10" ions/cm’. The reduction in the wear
persists also after removal of a material thickness greater than the penetration depth of
the implanted nitrogen ions.

PACS numbers: 81.40.Pq, 81.90. + ¢, 62.20.Pn, 46.30.Pa

Ion implantation has been used to improve resistance to
wear, fatigue, and corrosion in both steels and other metals
and alloys.! Wear measurements have been carried out by
Hartley** and Hartley and Watkins* with a pin-on-disk wear
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tester for different combinations of steel alloys wearing one
against the other. A reduction of the volumeteric wear rate
of a factor from 20 to 30 has been observed for lighter loads
using nitrogen implantations. More recently, Hirvonen et
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